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ABSTRACT
The optical and electrical responses of open, nanoscale, metal networks are of interest in a variety of technologies
including transparent conducting electrodes, charge storage, and surfaces with controlled spectral selectivity. The
properties of such nanoporous structures depend on the shape and extent of individual voids and the associated
hyper-dimensional connectivity and density of the metal filaments. Unfortunately, a quantitative understanding
of this dependence is at present only poorly developed. Here we address this problem using numerical simulations
applied to a systematically designed series of prototypical sponges. The sponges are produced by a Monte Carlo
simulation of the dealloying of Ag-Al alloys containing from 60% to 85% Al. The result is a series of Ag
sponges of realistic morphology. The optical properties of the sponges are then calculated by the discrete dipole
approximation and the results used to construct an ‘effective medium’ model for each sponge. We show how the
resulting effective medium can be correlated with the associated morphological characteristics of each target and
how the optical properties are primarily controlled by the density of the sponge and its state of percolation.
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1. INTRODUCTION
The interaction of light with materials is influenced by their dielectric function (an intrinsic property) and their
geometry (including shape, morphology or structure, all extrinsic properties). At the nanoscale (i.e. at a size
range well below the wavelength of light) dielectric function and geometry become intertwined and the resulting
properties are often expressed as an ‘effective medium’ which takes geometry into account.1 The transition from
a network with weak metal connectivity and more localized optical response to one with macroscopic percolation
and delocalized response involves a sequence of morphologies. Signature topological features emerge near the
percolation threshold but there is usually a broad admix of local void topologies within any sponge making
analysis complex. The fine detail of geometry is thus lost in the formulation of the effective medium. Explicit
consideration of the geometry of the material would give an extra order of precision in these models but the
problem is intractable from an analytical viewpoint.
In particular, it would be of particular benefit to model nanoporous metallic sponges using an ‘effective
medium’ approach. Nanoporous metals are of interest because they can be used in a wide range of applications,
including as capacitive sensors, actuators, chemical catalysts, electrodes for supercapacitors of Li-ion cells, or
as surface coatings with controlled optical properties.2–6 It is this latter application that is relevant here: in
the present work we investigate the correlation between the morphology and the optical properties of sponges.
To do so, we will study a silver (Ag) sponge-like metamaterial of the form typically produced by de-alloying
Ag-Al precursor alloys. Here we generate model versions of these sponges by a numerical process that simulates
de-alloying and atomic rearrangement. It has been shown elsewhere that the model successfully reproduces the
classic bicontinuous vermicular sponges that are frequently observed in noble metals.7 The sponges are then
used as targets for the calculation of the optical properties using the discrete dipole approximation (DDA) and
the resulting optical properties used, in turn, to construct an ‘effective medium approximation’ (EMA) for the
material. We then explore how these EMAs are related to the morphology of each type of sponge. Finally, we
will invert the EMA to deduce the optical properties of Au sponge.
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2. METHODOLOGY
2.1 Simulation of sponges
In this work we generated a series of nanoporous sponges using a code that simulates the dealloying of an alloy
between a noble metal and an active metal (see elsewhere for a description of the code7,8). In our case the noble
element was silver (Ag) and the active, sacrificial, element was aluminum (Al). Elapsed time in the simulations
is measured in ‘sweeps’, with one sweep defined as the completion of the same number of Monte Carlo iterations
as there are atoms in the simulation. Therefore, on average, each atom has been visited once after one sweep
has been completed. The dealloying part of the simulation finishes when all Al is gone from the sponge, and
at this point we reset the sweep counter to 0 and anneal the target for 15,000 sweeps. During this annealing
phase thermally-activated atomic movements driven by a Metropolis Monte Carlo algorithm operating with a
Lennard-Jones interatomic potential reshape the sponge. The process leads to coarsening of the ligaments and
is effectively being driven by the intrinsic surface tension of the Lennard-Jones solid. Finally, we machine a
spherical shape from each cuboid of sponge, for use in the optical property calculations. As we will show, use
of a spherical target brings the distinct advantage that the analytical Mie solutions can be applied within the
analysis. The sponges are labeled according to their initial Al content, and the number of sweeps to which they
had been coarsened.
The spherical cutout is performed on structures recorded at selected sweep numbers chosen so that the
intervals are approximately evenly spaced on a logarithmic time axis. Consequently, the amount of Ag inside the
ball of sponge after additional sweeps can vary slightly, since although we cut it in the same region every time
the silver atoms can move a little between sweeps. Therefore, there is a small flux of Ag atoms passing in or out
of the spherical template used to machine the ball of sponge. The second implication of our method is related
to how we cut the cube; in order to be more realistic, the method that we are using to simulate the dealloying
and coarsening process works in real space (R3), i.e. it is a so-called ‘off-lattice’ algorithm and the position of
each atom is expressed using floating point number. In contrast, the computer code we used to calculate the
optical properties (see section 3.1), needs a target where the dipoles have integer coordinate positions, i.e. are
in Z3. There are small computational discrepancies when a R3 sponge is converted to an array of dipoles in Z3,
and further small errors when we fix a radius and proceed with cutting the sphere shape out of the block of
sponge (in the latter case, dipoles near the sphere surface have to fall completely inside or outside the cutout
and there will be some stochastic variation). Consequently, the actual radii of the resulting spheres vary slightly
from the nominal value of 30nm. These small errors will of course propagate through to the effective medium
approximation (EMA) that we will be deriving.
2.2 Effective media approach
There are several models that aim to provide a quantitative understanding of the optical properties of mesoporous
materials,9–11 but in our opinion none of them is fully satisfactory yet. Here we will exploit a new approach
to develop an Effective Medium Approximation (EMA) of the sponges. Essentially, our aim is to define a
homogeneous virtual material that has the same extinction cross section and same phase delay cross section as
the complex sponges under study. To achieve this, we will use the extinction and phase efficiency calculated
by DDSCAT to derive the complex dielectric function (or, equivalently, the refractive index) of the effective
medium.












Re(E∗inc,i · Pi). (2)
Cext gives the energy loss caused by the combination of scattering and absorption. On the other hand,
Qpha =
dCpha
dΩ is a factor that is related to the phase lag due to the effective medium, and consequently is
directly related to the real part of the polarizability, α. In principle this quantity can also be measured directly
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by interferometry or indirectly by ellipsometry. Note that in the literature there is a difference of a factor 2 in
the definition of this parameter, however, as we are using the simulated data from DDSCAT, to be internally
consistent, we will use the definition given by Draine12 (eq. 2).
First of all, we will work with the expressions of Cext and Cpha (eq. 1 and 2) in order to define the effective
polarizability. Therefore, as we are assuming that our effective medium is homogeneous, previous relations,
equations 1 and 2 simplify since the polarizability tensor becomes diagonal (assuming either isotropy or alignment
of optical and material axes), i.e. αi,j = 0 if i 6= j, and αi,i = α. Then, using the relationship P = αEinc, the
previous equations become:
Cext = 4πkIm(α),
Cpha = 2πkRe(α), (3)
where k ≡ 2π/λ is the wave number. Let be CS and Ceff the sponge and effective medium cross section






where QS and Qeff are the sponge and the effective medium efficiencies, respectively. Then, we can define
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0 /λ is the scale parameter.
Finally, we can use Claussius-Mossotti approximation to relate the polarizability to the permittivity. Thus,







Six different model precursors with starting Al concentrations of 60%, 65%, 70%, 75%, 80% and 85% (atomic
percentages) were dealloyed, and each then subjected to 15000 sweeps of coarsening under the action of the
model. Intermediate structures were recorded at 0, 100, 200, 500, 2000, 5000 and 15000 sweeps. Thus, we study
6 × 7 different Ag sponges. Representative examples are shown in Figure 1. It can be seen that increasing the
Al content of the precursor results in a loss of percolation and decrease in density of the resulting Ag sponge.
In addition, prolonged application of the Monte Carlo simulation results in the growth and thickening of the
ligaments of the sponge.
The calculated optical properties are shown in Figure 2 in which it can be seen that the sponges practically
do not scatter, i.e. the extinction is mainly dominated by the absorption (Qext ∼ Qabs) - thus the sponges meet a
necessary condition for application of any EMA. Also, as the concentration of Al in the precursor alloy increases
the resulting sponges are becoming less absorbent, which is expected since the sponges are becoming less dense.
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Figure 1. Sponge ball visualization
The distinct extinction peak due to a dipolar plasmon resonance in the sphere is lost as the density of the
sponge decreases and this is more clearly shown in the color map of Figure 3.
As we explained in the previous section (sec. 2.2), Qpha is related with the phase lag, where positive phase
efficiency means that the phase velocity (vp) is smaller than c, and negative Qpha means vp > c, it is worth to
note that vp > c only mean the the phase is traveling faster than the light, but not the wavefront.
Phase velocity is defined as vp ≡ c/n, i.e. vp > c if the refractive index is smaller than 1. As our sponges
are dispersive media (n(λ)), the phase velocity will vary with the incident wavelength and thus, the Qpha will
do too. It can be seen in Figure 2, that Qpha achieves negative values at smaller wavelengths (< 400nm) and,
as expected, that happens in the same wavelength range where n < 1 (see Figure 6).
3.2 Effective media
Effective medium models can only be applied when the size of the original medium is much smaller than the
incident wavelength. Thus, the applicability of EMA usually is determined by the wavelength and the scale
parameter through the inequality 2πx << λ. Our simulated samples have a radius ∼ 30nm and we are analyzing
them for incident wavelength in the visible range 300 − 700nm, so we are well inside the boundary conditions.
Therefore, it is reasonable to apply an EMA.
It is important to note that the generation of the spherical sponges implies another problem, as we did not
dealloyed the porous sphere, instead we cut it, our samples have a very rough surface (especially the sponges with
low concentration of silver) and in these samples the outermost region of the ball sponge are almost unpercolated.
This means that the grade of connectivity of the outermost part (‘shell’) of the sphere is not the same than the
core, i.e. the ‘shell’ of the sphere has not the representative topology of the porous sphere. This may arise another
issue, that we will not study further on in the present work, if the skin depth is smaller than the thickness of the
sphere shell, we will only be analyzing the optical response of the shell, which is not the topological representative
part of the sample.
Using the approximation explained before (section 2.2), and the data that we calculated for our sponges we
found a spherical effective medium, Figures 4 to 6. It is important to emphazise two points; our effective media
model is useful for directly analyzing the equivalent refractive index or dielectric permittivity of each sponge,
and so, provide insights into fundamental trends of the sponge spectra. Nevertheless, specific information about
localized electric fields or plasmon resonances of the porous samples cannot be found from the EMA. Indeed, as
demonstrated in literature,3,14–16 the localized plasmon resonances are very sensitive to structural irregularities
and may be present at a size scale of the order of several nanometers (i.e. much smaller than the sphere of
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Figure 2. Normalized efficiencies (cross section equals to π302nm2) at 0 sweeps of a sponge with an initial Al fill factor of
(a) 60%, (b) 65%, (c) 70%, (d) 75%, (e) 80% and (f) 85%.
Figure 3. Extinction efficiency of a spherical sponge in terms of the initial concentration of aluminum in the precursor
alloy. To a first order approximation the latter quantity can be taken as the void fraction.
sponge). One implication of this is that plasmon resonances of the original cubic sponge will not be the same
as the resonances of the spherical sponge. The original sponge has been generated with periodic boundaries in
the horizontal plane, i.e. the structure is topologically equivalent to an infinite plane, and a structure such this
generates a surface polariton current.17,18 Nonetheless, after the cutting we obtained a small sphere (compared
to the incident wavelength) and this structure is more likely to create a localized surface plasmon (LSP). Thus,
with this method the localized plasmon resonance of the sphere surface dominates the optical response, so we
can not infer in the plasmon resonance of the porous material.
It can be seen that, as expected, the extinction coefficient decreases as the metal fill factor decreases as well.
This is because the sponge becomes less absorbent and scattering. Nonetheless, the behavior of its refractive
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Figure 4. Effective media that has been extracted for different sponges (taken at 0 sweeps of coarsening) in terms of the
real part (left) and imaginary part (right) of the dielectric function.
Figure 5. Real and imaginarypart of the permittivity at 0 sweeps.
index (n) is more interesting because at the shorter wavelengths (∼ 300− 350nm) the response of each sponge is
closer to bulk silver, Figure 7. However, for greater wavelengths (> 350nm) the topology of the sponge starts to
play a dominating role. Due to the low amount of Ag, instead of having a solid sphere with voids inside (concave
metal structure), we have a spherical network of silver filaments (convex metal structure). In this situation,
the phase that has a higher grade of connectivity is the void-phase, i.e. the incident wave will mainly travel
through vacuum, what implies that our sample would have a higher transmittance and a low energy loss (k ∼ 0),
Figure 7. Figure 6 shows another interesting aspect of the sponges, the real part of the refractive index and the
extinction coefficient acquire an almost constant value at longer wavelengths, i.e. at these wavelengths the trend
is similar to the refractive index of vacuum.
As been seen elsewhere,19 the plasmonic response can be studied analyzing the complex dielectric function.
In our samples, overall, the optical responses of the sponges are not strongly plasmonic due to the positive values
of the effective ε1. This can also be seen in the fact that, in general, the effective refractive index n is larger
than the effective extinction coefficient, k, i.e. k/n < 1, so they do no behave as metallic sponges. Indeed, can
be seen in Figure 4 that ε2/ε1 ∼ 1, so it is more accurate to say that our sponges have a lossy material behavior.
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Figure 6. Generated effective media for different concentrations at 0 sweeps in terms of real part (left) and imaginary part
(right) of the refractive index.
Figure 7. Comparison of the real part of the refractive index (left) and the extinction coefficient (k) (right) of the effective
medium and the bulk silver (Johnson and Christy 1972).
3.3 Morphology dependence
We next examine whether the process of coarsening, as simulated by the annealing part of the sponge-making
simulation, had an effect on the optical properties of the sponges. First, however, the possibility that the changes
with annealing time might have been due to changes in the amount of Ag within each sponge sphere must be
excluded. As explained previously, atomic movement takes place during the coarsening anneal, so changes in the
optical properties could in principle have arisen from an increment of the silver concentration within the spherical
volume. Therefore, to empirically prove the direct relation between sweeps and morphology, we calculated the
Ag fill factors of every single sponge sphere. These are shown as a function of sweeps in Figure 8 and it is clear
that there is negligible flux of Ag into or outside of the spherical simulation volume with time. Therefore, any
variation of optical response from annealing must be due to change in the morphology.
The variation of optical extinction efficiency with time is shown in Figures 9 and 10 for the different type of
sponges. In general, it can be seen that coarsening reduces the effective Qext of all of the sponges. As noted
previously, the height of the extinction peak at about 400 nm is decreased as the void fraction increases. The
data also suggest that there is a small red-shift in the peak position for the three high density sponges (60, 65
and 70% Al in the precursor) and a small shifted in the case of the low density sponges (75, 80 and 85% Al in the
precursor). These changes are however at the limit of significance given the stochastic nature of the dealloying
model.
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Figure 8. Representation of the small variation in the fill factor of silver due to the sweeps.
attain a structural equilibrium at room temperature, i.e. more sweeps mean thicker and fewer ligaments. This
change decreases the amount of light absorbed and hence decreases the extinction efficiency.
Figure 9. Change in the extinction efficiency at different sweeps of a sponge with an initial Al fill factor of (a) 60%, (b)
65%, (c) 70%, (d) 75%, (e) 80% and (f) 85%.
The changes in the optical properties of the sponge spheres with elapsed annealing time cause associated
changes in the effective medium model. An example is provided in Figure 11, which is for the sponge produced
from the precursor with 60% Al. It is evident that the real part of the effective permittivity is always positive,
but that it decreases as a result of the coarsening process, whereas the imaginary part increases slightly. These
trends are most noticeable at the longer wavelengths.
Finally, it is important to keep in mind that the annealing sweeps simulates the tendency of the sponge to
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Figure 10. Study of the extinction efficiency of a spherical sponge in terms of the sweeps done.
Figure 11. Real and imaginary parts of the permittivity of a sponge produced from a 60% Al precursor.
4. CONCLUSION
In this project we used numerical methods to study the optical properties of model spherical targets made of
nanoporous silver sponges. A range of simulated sponges of different densities and morphologies was investigated.
A decrease in overall density of the silver reduced the absorption, but the spectral position of the absorption
peaks was scarcely changed. The spherical shape of the targets was exploited to build an effective medium
model for each type of sponge by solving the analytical Mie equations in reverse to extract an ε1 and ε2 for each
wavelength. This model provided an effective refractive index of each sponge which incorporated the effects of
void fraction and shape into an effective medium.
Analysis of the trends of the data indicates that, while fill fraction is the dominant factor controlling optical
properties, the morphology of the sponge also has an important influence. As a result, we predict that it is
possible to obtain wide range of effective media by fine tuning the morphology and density of silver sponges.
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